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Recently, an anomalous excess was found in the electronic recoil data collected at the XENON1T
experiment. The excess may be explained by an axion-like particle (ALP) with mass of 2 − 3 keV
and a coupling to electron of gae = (5 − 7) × 10−14, if the ALP constitutes all local dark matter
(DM). In order to satisfy the X-ray constraint, the ALP coupling to photons must be significantly
suppressed compared to that to electrons. This gives a strong preference to a class of ALP models
in which the ALP has no anomalous couplings to photons, i.e., there is no U(1)PQ-U(1)em-U(1)em
anomaly. We show that such anomaly-free ALP DM not only explains the XENON1T anomaly,
but also predicts an X-ray line signal with a definite strength. The strength of the signal, however,
falls below the projected sensitivity reach of the ATHENA X-ray observatory unless the ALP mass
is heavier than ∼ 4 keV or so. The abundance of ALP DM can be explained by the misalignment
mechanism. As concrete models, we revisit the leptophilic anomaly-free ALP DM considered in
Ref.[1].
Introduction.– An excess of electron recoil events
over the background has been recently reported by the
XENON1T experiment [2]. The statistical significance of
the excess is about 3σ, whose precise value depends on
the potential source. The observed excess can be nicely
fitted by the solar axion, which, however, is in strong
tension with the star cooling constraints [3–7]. While
the significance is weaker than the solar axion, the ex-
cess may be explained by an axion-like particle (ALP)
with mass of (2 − 3) keV and the coupling to electron
gae = (5− 7)× 10−14, if it constitutes all the local dark
matter (DM). In this paper we focus on this possibility
of ALP DM responsible for the excess observed by the
XENON1T experiment, and study its cosmological and
phenomenological implications.
The ALP is a pseudo-Nambu-Goldstone boson that
appears when a continuous global symmetry is sponta-
neously broken. (Hereafter we call the symmetry the
Peccei-Quinn (PQ) symmetry [8, 9].) There are two
relevant parameters that characterizes the ALP; one is
the mass, ma, and the other is the decay constant, fa.
The decay constant is of order the symmetry breaking
scale unless the sector responsible for the spontaneous
symmetry breaking is rather contrived as in the clock-
work/aligned axion model [10–14]. Since the mass is
naturally suppressed thanks to the PQ symmetry, the
ALP can be sufficiently light. If the lifetime of the ALP
is much longer than the age of the Universe, it can be
DM.
The ALP is considered to have various couplings to the
standard model (SM) particles, and among them, we fo-
cus on the couplings to photons and electrons here, and
assume that the ALP DM is reponsible for the excess
observed by the XENON1T experiment. In the present
case, the preferred range of gae then implies that the
typical value of the decay constant is fa ∼ 1010 GeV.
Let us first assume that the ALP has an anomaly of
U(1)PQ-U(1)em-U(1)em, where U(1)em is the electromag-
netic gauge symmetry. Then the ALP couples also to the
photon with a coupling of gaγγ ∼ αem/2pifa, where αem
is a fine-structure constant of the electromagnetic inter-
action. This leads to the decay of ALP into two photons
in the late universe, which leaves detectable X-ray line
signal. In fact, such ALP DM with an anomalous cou-
pling to photons is excluded by the X-ray constraint on
the coupling gaγγ for ma & 0.1 keV (see e.g. Ref. [15] and
references therein). Therefore, we are led to consider an
ALP DM whose coupling to photons is significantly sup-
pressed compared to that to electron, if it is responsible
for the XENON1T excess.
In this letter, we study the ALP DM as a potential
source for the XENON1T excess. To satisfy the ob-
servational constraint, the ALP coupling to photons is
significantly suppressed compared to that to electrons.
This is indeed realized if the PQ symmetry is free from
the U(1)PQ-U(1)em-U(1)em anomaly. Such anomaly-free
ALP DM was studied by Nakayama, Yanagida and one
of the present authors, where the PQ symmetry is identi-
fied as a certain flavour symmetry in the lepton sector [1].
The central idea of the work was to pursue a possibility
that an ALP is lurking at an intermediate scale avoiding
tight constraints on the axion-photon coupling, partly
motivated by the 3.5 keV excess [16, 17]. Here we re-
visit the leptophilic ALP DM model in a viewpoint of
explaining the XENON1T excess, and study its impli-
cations for the future X-ray observations. In particular,
although the anomalous coupling to photons is absent,
the ALP does have a nonzero coupling to photons aris-
ing from threshold corrections. The corresponding decay
rate is strongly suppressed by the mass ratio between the
ALP and the electron, but it is valid for a wide class of
anomaly-free ALP models coupled to the SM particles.
We will show that the flux of the X-ray from the ALP
decay is within the reach of the future observations such
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2as ATHENA [18] for the ALP mass heavier than ∼ 5 keV.
We also discuss the viable production mechanism as well
as isocurvature constraint on the inflation scale.
Coupling between the ALP and photons.– Fol-
lowing Ref. [1], we consider the case in which there is no
U(1)PQ-U(1)em-U(1)em anomaly. An explicit construc-
tion of this kind of models will be discussed shortly.
We start from the following interactions,
−LL =
∑
f
mf f¯RfLe
iqf
a
fa , (1)
where a is the ALP, and qf (f = e, µ, τ, u, d, c, s, t, b) are
the PQ charges of the SM particle f . We choose the
PQ charges so that there is no U(1)PQ-U(1)em-U(1)em
anomaly. The coupling between the ALP and electron is
given by gae = qeme/fa, which gives
fa
qe
' 1010 GeV
(
gae
5× 10−14
)
. (2)
We are interested in the case in which the ALP mass
is of order keV, which is much smaller than the electron
mass. Thus we can integrate out all the quarks and lep-
tons to investigate the axion coupling to photons in the
low energy. For the on-shell ALP and photons, the rele-
vant term in the effective Lagrangian is given by
αemm
2
a
48pifa
qe
m2e
aFµν F˜
µν . (3)
We can neglect contributions other than the one from
electron because the dominant contribution comes from
the lightest fermion. This interaction leads to the decay
of the ALP into two photons. The decay rate is calculated
as [1]
Γa→γγ ' α
2
emq
2
e
9216pi3
m7a
m4ef
2
a
, (4)
' 3.5× 10−57 GeV
( ma
2 keV
)7( fa/qe
1010 GeV
)−2
.(5)
There is a constraint on the flux of the X-ray photons
produced by the ALP decay. Assuming that the ALP
constitutes all DM, the constraint on the X-ray line can
be avoided if ma . 10 keV for fa/qe = 1010 GeV (see
Fig. 1).
Production processes.– The ALPs can be produced
via thermal and non-thermal production processes in the
early Universe.
Relativistic ALPs are produced from the scatterings
between fermions (quarks and/or leptons) and Higgs
bosons in the thermal bath. The resulting ALP abun-
dance is given by
Ω
(th)
ALPh
2 ∼0.1
(
TR
3× 106 GeV
)( ma
2 keV
)
×
(
fa/qe
1010 GeV
)−2∑
f
(
qfmf/qe
1 GeV
)2
, (6)
where TR is the reheating temperature of the Universe
after inflation.
As we are interested in the case of ma = O(1) keV,
thermally produced ALP is warm DM, which has a
nonzero free-streaming velocity at the structure forma-
tion. From the observation of the Lyman-α forest, there
is a tight constraint on the free-streaming velocity of DM,
which can be recast into the constraint on the mass of
warm DM such as ma & 15 keV [19, 20]. Even if we
adopt a conservative bound reported by Ref. [21], the
ALP mass has to be larger than about 4 keV [20]. Thus
we conclude that the ALP should not be produced mainly
by the scattering process in the thermal bath and we re-
quire Ω
(th)
ALPh
2  0.12.
If the ALP is coupled to the top quark, the reheating
temperature should be lower than of order 102 GeV to
avoid the overproduction of warm ALPs. If the ALP is
coupled only to electron and muon, the reheating temper-
ature can be as high as 108 GeV. Such a high reheating
temperature is favoured in light of realizing the thermal
leptogenesis [22, 23] or resonant leptogenesis [24, 25] to
explain the observed baryon asymmetry.
The ALP can be produced also by a non-thermal pro-
cess, called the misalignment mechanism. When the
Hubble parameter becomes lower than the ALP mass,
the ALP starts to oscillate around its potential mini-
mum. We denote the temperature at the onset of the
ALP oscillation as Tosc, which is given by
Tosc ∼ 106 GeV
( ma
2 keV
)1/2
. (7)
At a temperature above Tosc, the axion field stays at a
field value which is generically different from the poten-
tial minimum. Denoting that the initial oscillation am-
plitude as aini = θ∗fa, the oscillation energy of the ALP
is given by
Ω
(mis)
ALP h
2 ∼ 0.1
(
θ∗
2
)2 (qe
4
)2( fa/qe
1010 GeV
)2
×
{ (
TR
106 GeV
)
for TR . Tosc(
ma
2 keV
)1/2
for TR & Tosc
(8)
Here we note that the relic abundance depends on qe
once we choose fa/qe to be the value favoured by the
XENON1T result. We find with the PQ charge, qe, the
initial misalignment angle, θ∗, (slightly larger than) or-
der unity, the ALP abundance can be consistent with
the observed amount of DM, with TR > Tosc. However,
depending on the coupling of ALP to other SM parti-
cles, the reheating temperature may not be high enough
to have TR & Tosc. In this case, it is possible that qe
is much larger than unity by using, e.g., the clockwork
mechanism [10, 11, 26].
Isocurvature constraint.– Now we comment on the
isocurvature constraint on this scenario. We implicitly
assume that the PQ symmetry is spontaneously broken
before inflation. In this case, the ALP predicts an isocur-
vature perturbation due to quantum fluctuations during
3??????????????
??????????????????
1 2 5 10 20 5010
-16
10-15
10-14
10-13
10-12
10-11
10-10
ma [keV]
g a
e
FIG. 1. Constraints from X-ray and future sensitivity in ma−
gae plane [18, 28]. The pink region may explain the excess in
the XENON1T experiment.
inflation. The fluctuation is proportional to the energy
scale of inflation, Hinf , so that the constraint on the
isocurvature perturbation can be rewritten as that on
the energy scale of inflation. The result is given by [27]
Hinf . 3× 105θ∗GeV (9)
Note that the Universe must be reheated after inflation
and the energy of the thermal bath cannot exceed the
energy scale of inflation. Thus the upper bound on Hinf
implies that the reheating temperature must satisfy
TR . 8× 1011 GeV
√
Hinf
106 GeV
(10)
This is consistent with the above scenario of ALP pro-
duction.
X-ray prediction.–
The predicted X-ray flux of the anomaly-free ALP DM
is suppressed, but some amount of the flux is still gen-
erated through the decay. The constraint is shown in
Fig. 1. Here, we converted the X-ray constraint on the
mixing angle, θ2, for sterile neutrino, νs, in [28] to gae by
using the condition, Γa→γγ = 12Γνs→γν ≈ 12θ2 9αemG
2
FM
5
256pi4 ,
where the factor 1/2 is from the number difference of
daughter photons. Also shown is the sensitivity reaches
of the Athena X-ray telescope [18]1. The ALP DM hinted
from the excess is consistent from the X-ray bound. For
ma = 2 − 3 keV, it cannot be reached in the future ob-
servation with gae . 10−13. However, if the mass scale
slightly shifts to larger value in future experiment, saying
ma > 5 keV, with same order of gae the scenario may be
further confirmed by observing the X-ray.
1 https://www.the-athena-x-ray-observatory.eu
Model of anomaly free ALP.– The model of the
anomaly-free APL has been proposed in Ref. [1]. As we
discussed above, we are interested in the case in which
the ALP is coupled only to electron and muon since oth-
erwise the warm ALP is overproduced from the scatter-
ing in the thermal bath. The second model proposed in
Ref. [1] corresponds to this restricted model. The charge
assignment is Q(ei) = (−4, 4, 0) and Q(li) = (2,−2, 0)
and we introduce three Higgs doublets, H(0) and H(±6).
In this case, the charged lepton Yukawa interactions are
given by
y1e¯Rl1H(−6) + y2µ¯Rl2H(6) + y3τ¯Rl3H(0) + h.c.(11)
Here we comment on the possible origin of the mass of
the ALP, which comes from an explicit breaking of the
PQ symmetry. Noting that the keV scale comes from the
seesaw mechanism between the energy scales of 1010 GeV
and the electroweak scale, we propose the following PQ-
breaking term:
m2HH(−6)†H(6) + h.c. (12)
This leads to ma = O(1) keV for a certain choices of
mH , 〈H(−6)〉, and 〈H(6)〉 and fa = O(1010) GeV. It
is interesting to note that the keV scale favoured by the
XENON1T anomaly comes from the PQ breaking scale
and the electroweak scale without additional small pa-
rameters. We assume that the Higgs fields other than the
lightest one are heavy enough to evade the collider con-
straints. However, we expect that some of them may be
within the reach of future collider experiments because of
the miraculous relation between the three energy scales.
Discussion.– We discuss that the anomaly-free ALP
model proposed in Ref. [1] can explain the anomaly re-
ported by the XENON1T experiment. The indirect con-
straint on the ALP decay channels into two photons is
evaded because the coupling to photons is suppressed by
one-loop effect. Since the thermally produced ALP is
a warm DM, which cannot constitute all DM, the ALP
should not be coupled to heavy fermions, like the top
quark. In particular, if the ALP is coupled only to the
electron and muon, the reheating temperature can be as
high as 108 GeV. The relic abundance of ALP from the
misalignment mechanism can be consistent with the ob-
served amount of DM.
Although we take ma = 2 - 3 keV as a reference value
in this letter, we note that a heavier ALP is also possi-
ble and is well fitted by our model. It is still possible
that improved data by XENONnT will favor a heavier
ALP mass. If the ALP is as heavy as 5 keV, we ex-
pect that the X-ray signals from the ALP decay will
be observed by the ATHENA experiment [18]. It is
also interesting if the ALP mass is as large as 7 keV,
which is favoured by an excess in the X-ray line at about
3.5 keV. In fact, the decay constant is expected to be
fa/qe ' (4-10) × 109 GeV to explain the X-ray excess,
which is actually consistent with our scenario. Although
the mass of 7.1 keV is deviated from the one reported by
4the XENON1T experiment, it is interesting to note that
these anomalies indicate an ALP with ma = O(1) keV
and fa = O(1010) GeV.
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